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Abstract 
Accurate solar resource assessments are necessary for numerous applications utilizing solar energy. The global tilt 
irradiance, in particular, is important for the designs and performance assessments of fixed-tilt flat-plate collector 
systems. In this study, the global tilt irradiance computed using isotropic and anisotropic models was validated 
against ground measurements. Then using solar irradiance maps derived over the UAE using a satellite-based model, 
the global tilt irradiance was computed using both models (assuming a south facing surface with a tilt equal to the 
latitude). The global tilt irradiation map of the United Arab Emirates for the year 2010 was derived and is presented. 
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1. Main text  
Accurate solar resource assessments are necessary for numerous applications utilizing solar energy. An 
ensemble artificial neural network (E-ANN) model, utilizing six thermal channels of the SEVIRI 
instrument (on board the Meteosat Second Generation satellite), has shown promising results when 
estimating the direct normal irradiance (DNI), diffuse horizontal irradiance (DHI) and global horizontal 
irradiance (GHI) over the desert environment of the United Arab Emirates (UAE) [1]. Validating the 
model for all sky conditions, with respect to a full year of ground measured irradiance data for two 
independent stations, the relative root mean square errors (rRMSE) were 26.1% (DNI), 25.6% (DHI) and 
12.4% (GHI), while the relative mean bias errors (rMBE) were –6% (DNI), +3.6% (DHI) and –2.9% 
(GHI). The E-ANN derived irradiance maps were then applied to produce the annual irradiation maps 
over the UAE. 
The global tilt irradiance (GTI) is more important in the designs and performance assessments of fixed-
tilt flat-plate collector systems. Several slope irradiance models have been developed and validated in the 
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literature for GTI computations [2–5]. The isotropic model assumes the diffuse radiation to be uniform for 
the whole sky, while anisotropic models assume the diffuse radiation is not uniform. The inputs to such 
models usually comprise of the DNI, DHI, GHI, surface albedo (ρ) and tilt angle of the collector (β). 
In this study, the isotropic model of Liu and Jordan [2] and the anisotropic model of Perez et al. [3] 
have been applied and validated over the UAE using a dataset comprising of ground measurements of the 
DNI, DHI, GHI and GTI. Assuming a south facing surface with a slope from the horizontal equal to the 
latitude, the models were then applied to the DNI, DHI and GHI maps of the E-ANN model to produce 
GTI maps of the UAE at a 15-min temporal resolution. From the GTI maps, the global tilt irradiation map 
of the UAE for the year 2010 was derived and is presented. 
2. Methodology 
2.1. Ensemble artificial neural network model for irradiance estimations 
The satellite-based E-ANN model [1] has been developed and validated over the desert environment of 
the UAE to account for the local environmental characteristics, where high dust concentrations in the 
atmosphere and high humidity in the vicinity of the coast are common.  
The E-ANN model was trained using six thermal channels of the SEVIRI instrument, channels which 
are believed to be sensitive to dust and water vapor. Additional inputs to the model include the solar 
zenith angle, solar time, day number and eccentricity correction. The outputs of the model comprise of 
DNI and DHI maps, from which the GHI maps were computed. The maps are at the same temporal and 
spatial resolutions of the SEVIRI instrument, 15-min and 3-km (at nadir). 
The E-ANN model has been trained and validated using independent datasets in Eissa et al. [1]. The 
final model to produce the DNI, DHI and GHI maps was trained with all available data from five ground 
measurement stations. From those maps the annual irradiation maps were derived. 
In this study, the instantaneous DNI, DHI and GHI maps were applied to both isotropic and anisotropic 
models to derive the global tilt irradiation map of the UAE for the year 2010. 
2.2. Radiation on sloped surfaces 
The total radiation received on a tilted surface, i.e. the GTI, can be written as [5], 
reflectedThorizonTrcircumsolaTisotropicTT GDDDBGTI ,,,,   (1) 
where the five terms on the right side of Eq. (1) correspond to incident radiation on the tilted surface 
from: the beam radiation, the sky dome (diffuse radiation), the circumsolar region (diffuse radiation), the 
horizon (diffuse radiation) and the ground reflected radiation respectively. Fig. 1 presents the radiation 
components of the GTI. 
 
 
Fig. 1: The components of the global tilt irradiance, image from Chwieduk [6]. 
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The isotropic model of Liu and Jordan [2,5] assumes the diffuse radiation is uniform across the whole 
sky. Therefore, in the model the third and fourth terms of Eq. (1) drop out, and the GTI is computed as, 
UEET ¹¸
·
©¨
§ ¹¸
·
©¨
§  
2
)cos(1
2
)cos(1)cos( GHIDHIDNIGTI  (2) 
where θ is the incidence angle of the DNI on the tilted plane, β is the tilt angle of the surface from the 
horizontal and ρ is the surface albedo. 
On the other hand, the anisotropic model of Perez et al. [3] accounts for all the terms of Eq. (1), and 
the GTI is computed as, 
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where F1 and F2 are the coefficients of the circumsolar and horizon/zenith anisotropy respectively, both 
functions of the sky conditions, a and b account for the incidence angle of the circumsolar radiation on 
the tilted and horizontal surfaces respectively. Refer to the original publication for a more detailed 
description of the model [3]. 
3. Experimental setup 
The ground measurements used for the validations of the isotropic and anisotropic models consisted of 
DNI, DHI, GHI and GTI measurements at a 10-min temporal resolution collected from Sept. 2008 to June 
2009. The DHI and GHI measurements were collected with a rotating shadowband irradiometer (RSI), a 
LI-COR LI-200 Pyranometer integrated with a rotating shadowband. The DNI was computed from those 
measurements. The GTI measurements were collected by a Kipp and Zonen CMP11 Pyranometer situated 
on a south facing surface tilted at 20° from the horizontal [7]. The measurements were collected at 
Masdar City, Abu Dhabi, UAE, shown in Fig. 2. 
 
 
Fig. 2: Ground measurement stations in the UAE. 
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On the other hand, the DNI, DHI and GHI maps derived from the SEVIRI images were available over 
the UAE for the full year of 2010. Those maps were then applied to the isotropic and anisotropic models 
to estimate the GTI, assuming a south facing surface with a tilt from the horizontal equal to the latitude. 
The GTI maps were then applied to derive the global tilt irradiation map of the UAE for the year 2010. 
4. Results and discussion 
4.1. Validations of the isotropic and anisotropic models 
The validation results of the isotropic model of Liu and Jordan [2] and anisotropic model of Perez et 
al. [3] are presented in Fig. 3. The isotropic model underestimates the GTI by 5.9% and an rRMSE of 
11.7% is obtained, while the anisotropic model underestimates the GTI by 2.8%, and an rRMSE of 10% 
is obtained. The anisotropic model provides a higher accuracy in the estimation of the GTI. The 
difference between both models is 3.1% in the bias, where the isotropic underestimates the GTI more than 
the anisotropic model.  
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Fig. 3: Scatter plots of the isotropic [2] GTI versus measured GTI (left) and anisotropic [3] GTI versus measured GTI (right). 
The underestimations could be due to the environmental characteristics of the validation site used in 
this study. The validation site is located in a coastal desert environment with modest cloud coverage, high 
humidity and high dust concentrations in the atmosphere. Higher dust concentrations imply higher diffuse 
radiation, which may be the reason for the underestimations. The anisotropic model of Perez et al. [3] was 
developed using data collected from France, Switzerland and the USA, which do not exhibit the same 
environmental characteristics of the UAE. 
Another reason for the errors involved from the anisotropic model could be due to the measurement 
instruments. The RSI’s LI-200 Pyranometer is a silicon photodiode with a spectral response between 400 
nm and 1100 nm, while the CMP11 Pyranometer is a thermopile with a spectral response between 285 
nm and 2800 nm. The LI-200 Pyranometer was calibrated against an Eppley Precision Spectral 
Pyranometer under natural daylight conditions [8]. However, errors under these conditions are reported to 
be ± 5%. That could explain some of the errors, as the GTI was computed using the measurements of the 
RSI’s LI-200 Pyranometer and then compared to the measurements collected using the CMP11 
Pyranometer. 
For the results of the anisotropic model, an analysis of the residuals was also performed to check if 
there is any trend in the errors with respect to the time of the day. Fig. 4 presents the scatter plot of the 
 Hosni Ghedira and Yehia Eissa /  Energy Procedia  57 ( 2014 )  1199 – 1205 1203
residuals (computed GTI minus measured GTI) versus the solar time. The outliers usually occur between 
8 AM and 4 PM (solar time), but there is no apparent trend in them. They could be due to errors in the 
experimental setup. 
It is important to point out that from 2 PM (solar time) and onwards the bias is less when compared to 
the previous times. This could have one of two explanations. The model regularly underestimates the 
GTI, but after 2 PM there is an obstruction (not blocking the Sun, but close to it) in the 180° field of view 
of the tilted CMP11 Pyranometer, which would mean less measured irradiance and hence lower residuals. 
Or that the model accurately estimates the GTI, but there is an obstruction until 2 PM. Unfortunately, the 
GTI measurements were from a relatively old experimental setup (which does not exist anymore), making 
it difficult to know the location of the obstruction. 
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Fig. 4: Residuals versus solar time for the GTI computed from the anisotropic model. 
Still, the results of the anisotropic model are satisfactory and the model could be applied to compute 
the GTI of any surface with a defined orientation, when the DNI, DHI, GHI and surface albedo are 
available. 
4.2. Global tilt irradiation map of the UAE 
The isotropic and anisotropic tilt irradiance models [2,3] were applied on the instantaneous DNI, DHI 
and GHI maps of the E-ANN model to finally derive the global tilt irradiation map of the UAE for the 
year 2010. In this study, a south facing surface with a tilt equal to the latitude of the corresponding pixel 
was assumed.  
Fig. 5 presents the isotropic global tilt irradiation map of the UAE and Fig. 6 presents the anisotropic 
global tilt irradiation map of the UAE. 
The global tilt irradiation map derived using the isotropic model underestimates the irradiation 
throughout the UAE when compared to the map derived using the anisotropic model. For all pixels, a 
difference of –71 kWh m–2 is obtained, i.e. mean of (isotropic map minus anisotropic map). The 
anisotropic derived global tilt irradiation map presents high values over the UAE, where the mean over 
the whole UAE is 2369 kWh m–2, the maximum value is 2460 kWh m–2 and the minimum value is 2062 
kWh m–2. The islands situated in the north of the UAE exhibit the lower irradiation values. However, the 
E-ANN model was not trained for pixels containing water and land. Therefore, the irradiation values in 
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the islands in the north of the UAE could have higher errors and therefore the minimum value in this case 
is not really representative of the UAE.  
Generally, the irradiation values are increasing from the north to the south of the country, where the 
southernmost region of the country exhibits the highest irradiation values. This southernmost region is 
called “Rub’ al Khali”, which literally translates as the “Empty Quarter”. Unfortunately, the Empty 
Quarter is uninhabited, making it unlikely to install fixed-plate collectors in this location. Still, throughout 
the rest of the UAE the irradiation values are high, mostly exceeding 2300 kWh m–2, except in 
northeastern mountainous region of the UAE where the values drop to around 2200 kWh m–2. 
 
 
Fig. 5: Global tilt irradiation map of the UAE for the year 2010 assuming an isotropic sky [2]. 
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Fig. 6: Global tilt irradiation map of the UAE for the year 2010 assuming an anisotropic sky [3]. 
5. Conclusion 
Global tilt irradiance from the isotropic of Liu and Jordan and the anisotropic model of Perez et al. 
show that both models underestimate the irradiance by 5.9% and 2.8% respectively. The results of the 
anisotropic slope irradiance model of Perez et al. are satisfactory, where the obtained rRMSE was 10%. 
Both models were then applied to derive the global tilt irradiation map of the UAE for the year 2010. The 
irradiation map derived from the anisotropic model could be useful for the performance assessments of 
fixed-tilt flat-plate collectors, where in this case a south facing surface with a tilt equal to the latitude was 
assumed. Future works could include comparisons between more anisotropic models, to validate their 
accuracies over the desert and humid environment of the UAE. 
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